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Abstract
This paper describes a new tool for the optimization of catenary mooring systems for ﬂoating wind turbines with a
semi-submersible support structure. Each source of environmental loading - wind, current and waves - is spread over
a range of compass directions, based upon probability distributions determined by meteorological and oceanographic
measurements. Frequency domain analysis is applied to determine the linear response of the platform. Mean forces
due to wind and current are determined to ﬁnd the mean position of the platform and thereby the linearized mooring
stiﬀness matrix. Subsequently, the stochastic loads from wind sea, ocean swell and turbulent wind are applied in the
form of spectral loading matrices. The resulting mooring system design is site-speciﬁc, accounting for the directionality
of environmental loads. A large number of diﬀerent scenarios can be evaluated quickly and approximately. Hence the
tool is useful for preliminary design of ﬂoating wind turbines.
As an example application, a symmetric semi-submersible design with three columns is analyzed. Results for two
sites in the North Sea, with diﬀerent water depths and distinct directionality of environmental loads, are compared and
indicate that spectral wind loads should be considered when designing mooring systems for ﬂoating wind turbines.
c© 2011 Published by Elsevier Ltd.
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1. Introduction
For stationkeeping of ﬂoating wind turbines proper mooring systems are required to keep the transla-
tional and rotational movements of the platform within an adequate range. Due to economic reasons it
is necessary to minimize mooring system costs, while not exceeding mooring line breaking strength and
platform drift constraints. In oil and gas industry the dynamic behaviour of semi-submersible production
platforms is well known. Guidelines by Barltrop [1], Det Norske Veritas [2], Bureau Veritas [3] or the Amer-
ican Petroleum Institute [4] describe response analysis methods for moored structures. Guidelines for the
structural design of column stabilised units are given by Det Norske Veritas [5]. Chakrabarti [6] provides
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background on mooring systems for ﬂoating structures and analysis methods. Bureau Veritas describes
design criteria and load conditions for substructures and moorings of ﬂoating wind turbines [7].
Several references provide precedence for the design of ﬂoating platforms for wind turbines. A 5-
MW wind turbine supported by a catenary moored spar buoy has been modelled in the Oﬀshore-Code-
Comparison-Collaboration (OC3) project within IEA Wind Task 23 Phase IV [8]. Roddier describes the
design of a semi-submersible stabilized wind turbine, the WindFloat prototype [9]. The ongoing HiPRwind
project1 is developing a semi-submersible ﬂoater to support a 1.5 MWwind turbine. However, none of these
references contain a detailed description of how the mooring system was designed.
Fylling and Berthelsen present an integrated design tool for the optimization of moored spar buoy type
support structures for wind turbines [10]. A gradient method is used to minimize the objective function,
deﬁned by the costs of spar buoy, mooring line, and cable. Design constraints such as maximum mooring
line load, minimum fatigue life, cable curvature and tension, nacelle acceleration and maximum vessel oﬀset
are considered. The analysis is performed in the frequency domain to determine the minimum material cost
for catenary moored spar buoys.
The work presented here emphasizes cost minimization of catenary mooring systems for wind turbines
of the semi-submersible type. A frequency domain analysis is performed, where environmental loads due
to wind, waves and current are considered separately. Through a sequence of spectral transfer functions the
auto-spectrum of mooring line tension is calculated and used to estimate peak ﬂuctuations in line strength.
The tool further determines the optimum mooring line orientations and lengths, constrained by ultimate load
conditions, limits on platform movement and seabed conditions. A proper application for the design tool
lies within the early design phase to dimension catenary mooring systems for ﬂoating wind turbines.
2. Mooring System Optimization
2.1. Optimization Algorithm
The calculation of the optimum line conﬁguration is carried out within MATLAB (The MathWorks,
Inc.), utilizing the Nelder-Mead simplex algorithm to minimize an objective function. Using the robust
simplex algorithm is advantageous since it does not require gradient information [11], [12].
The following design constraints can be considered:
1. The mooring system has to be dimensioned to withstand ultimate load conditions. The line breaking
strength is reduced by a speciﬁed safety factor, which must not be exceeded.
2. The loading at the drag embedded anchors should be solely horizontal.
3. The translational and rotational excursions of the ﬂoater have to be within speciﬁed limits (e.g., due
to constraints from the power cable).
The constraints are maintained by the implementation of penalty functions in the optimization routine.
2.1.1. Primary design parameters
The primary design parameters of the mooring conﬁguration are listed below:
1. Horizontal distance from fairlead to anchor
2. Length of mooring lines
3. Size of the chain
4. Angle of mooring lines (with respect to a global coordinate system)
The diameter of the chain is ﬁxed. The remaining design variables are determined by the optimization
algorithm. The goal is to minimize the line length and hence the cost of the mooring system.
1http://www.hiprwind.eu, 28.11.2011
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2.2. Frequency domain calculation and coordinate systems
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Fig. 1. Coordinate system deﬁnition: The motion of
the platform is described relative to the ﬁxed global
coordinate system. The X-axis of the global coordi-
nate systems points into the north compass direction.
The ﬂoating tripod is not drawn to scale.
In the optimization of mooring systems a large set of
load cases has to be considered. Time domain simulations
are computationally expensive, therefore spectral methods
are applied to allow for rapid calculations in the early de-
sign stage. The spectral analysis includes the most impor-
tant ﬁrst order eﬀects, i.e., environmental loads from wind,
current, wind sea and ocean swell. Current is assumed to
be steady. Second order mean-wave drift forces and slowly
varying low-frequency motions are neglected. However,
contributions from second-order eﬀects can have an impact
on the mooring system and should ideally be considered
[2], [4].
Hydrodynamic coeﬃcients are calculated by a diﬀrac-
tion analysis using WADAM [13], and are used to derive
the transfer function between wave amplitude and platform
motion. Hydrodynamic damping is composed of a poten-
tial and a viscous part. The viscous damping is consid-
ered in a simpliﬁed manner: 6% of critical damping for
the six degrees of freedom (DOF) is assumed, except for
the heave DOF. In heave 18% of critical damping are as-
sumed to account for the damper plates of the ﬂoater (Sect.
2.3). Aerodynamic damping, sea-ﬂoor friction, mooring
line- and wave-drift damping are neglected. Excitations
due to hydrodynamic loads are determined by superposition of ocean swell and wind sea spectra. The
ﬂuctuating wind loads are modelled by a steady mean wind load plus a dynamic wind load speciﬁed by a
Kaimal spectrum. Aerodynamic loads are computed for an onshore wind turbine using GL Garrad Hassan
Bladed [14]. The NREL 5-MW baseline wind turbine is used as wind turbine model [15]. Those loads
are subsequently transformed into the platform coordinate system. The frequency bins associated with the
wind load spectra do not exactly align with those provided by WADAM for the hydrodynamic load spectra.
Therefore the wind load spectra are interpolated to obtain values at the hydrodynamic frequencies.
2.2.1. Coordinate system deﬁnition
Fig. 2. Semi-submersible design
The X-axis in the global coordinate system is directed towards
north compass direction, the X-Y plane coincides with the free wa-
ter surface and the Z-axis points upwards (Fig. 1). The motion of
the ﬂoater is described relative to the global ﬁxed coordinate system,
with a positive rotation counterclockwise. The X-axis of the platform
coordinate system points through column B of the ﬂoater. In the ab-
sence of environmental loads the platform coordinate system will oﬀ-
set relative to the global coordinate system. All environmental loads
are deﬁned relative to the compass coordinate system (clockwise ro-
tation positive). A propagation direction of zero degree denotes that
the environmental loading arrives from compass North direction.
2.2.2. Derivation of maximum mooring line tension
In frequency domain analysis mean and spectral loads are sep-
arated. Quasi-static catenary equations are used to calculate mean
forces at each fairlead [16]. The equilibrium position of the ﬂoater
due to mean environmental loads is solved as a multidimensional root-ﬁnding problem, using a simplex
direct search method [11]. Nonlinearity in the force-displacement characteristic in the catenary equation
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requires linaerization of the mooring stiﬀness matrix at the equilibrium position. The spectral loads from
aerodynamic and hydrodynamic contributions are superimposed and the system response is computed over
the signiﬁcant frequency range. For each degree of freedom the spectra of displacements can be computed
and subsequently the auto-spectra of mooring line tension at the fairlead can be derived. Statistical peak
values of line tension are calculated from the standard deviation of the mooring line tension spectrum under
the assumption of a narrow band Gaussian process with Rayleigh distributed peaks [4].
2.3. Floater and mooring system design
The considered substructure is a three-column ﬂoater similar to the WindFloat design described in [9].
In contrast to the WindFloat concept the wind turbine is centered between the columns of the ﬂoater (Fig. 2).
The columns of the ﬂoater are equipped with heave plates to increase viscous damping in heave. Therefore
the natural period in heave is transformed out of the range of high wave excitation energy. Due to coupling
eﬀects roll and pitch motions get damped as well, hence the stability of the ﬂoater improves.
For the calculation of the mooring line tensions quasi-static catenary equations are applied. The dynam-
ics of the mooring lines can be neglected because the mass of the lines is small compared to the mass of
the wind turbine and its substructure [1]. A catenary line is attached to each column of the ﬂoater, with
the fairlead located 10 m above the nominal waterline. Drag embedded anchors are used to constrain the
displacements of the ﬂoater. The main properties of the ﬂoater and the mooring system are listed in Table
1. The properties of the wind turbine and tower are taken from Oﬀshore Code Comparison Collaboration
(OC3) [8].
3. Environmental loads and site conditions
Table 1. Properties of semi-submersible and mooring system
Draft [m] 22
Column diameter [m] 10.5
Heave plate diameter [m] 30
Column distance center to center [m] 55
Displaced volume [t] 8422
Heave period [s] 23.21
Connection to tower above SWL [m] 10
Number of mooring lines [-] 3
Fairlead location above SWL [m] 10
The response calculations of the ﬂoater include
the most unfavourable combinations of environmen-
tal loadings. According to Det Norske Veritas the
loading due to wind, wave and current for ultimate
limit state (ULS) shall be carried out for a return pe-
riod of 100 years. For oﬀshore locations in the North
Sea it is acceptable to combine 100 year return pe-
riods of wind and wave with 10 year return period
for current [2]. For the design of the mooring sys-
tem the directional spreading of environmental loads
is important.
Two sites in the North Sea were chosen: the oil and gas production ﬁelds Troll (330 m water depth) and
the Greater Ekoﬁsk area (75 m water depth). The environmental data is taken from observations provided by
the Norwegian Meteorological Institute (Meteorologisk institutt2). The data are time-series with 20 minutes
sampling intervals over a period of 9 years for the Troll site, and 10 years for the Ekoﬁsk site.
Two diﬀerent load conditions were analyzed for each location, an extreme event and an operational case
(Table 2). The extreme load case describes a turbine shut down in a survival 50-year storm condition with
a 100-year severe wave loading and 10-year current. In the operating state the maximum thrust on the rotor
is applied when the mean wind speed is close to the rated wind speed. The rotor loads are combined with
wave and current loading. The extreme values for wind loads are obtained from the existing data. Signiﬁcant
wave height and spectral peak period of wind sea data are taken from the time series as 50% quantiles of the
cumulative distribution function. Extreme values for swell and current are taken from the oﬀshore design
standard DNV-OS-E301 [2]. Wind sea and swell are considered as uncorrelated processes which may come
from diﬀerent directions. A JONSWAP spectrum is used to describe the prevailing state in the North Sea.
The same wind sea and current data are applied for the extreme and for the operational event.
2www.met.no, 15.11.2011
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Table 2. Environmental data
Greater Ekoﬁsk area Troll ﬁeld
Signiﬁcant wave height, wind sea [m] 1.7 2.2
Spectral peak period, wind sea [s] 7.7 9.3
Extreme case
Signiﬁcant wave height, swell, 100-year return period [m] 14 15
Spectral peak period, swell, 100-year return period [s] 16 16.4
Current speed, 10-year return period [m/s] 0.55 1.5
Wind speed, 50-year return period [m/s] 32 32
Operating case
Signiﬁcant wave height, swell [m] 5.1 6.2
Spectral peak period, swell [s] 13.5 15.5
Mean operating wind speed [m/s] 18 18
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Fig. 3. Directional spreading of wind, current, wind sea and swell for two sites in the North Sea.
Symmetrical mooring line conﬁgurations can be analysed by considering the most severe load cases
for a couple of compass directions. This is insuﬃcient for purposes of numerical optimization, because
the optimizer will incorrectly exploit the limited directionality, and the ”optimal” conﬁguration might be
insuﬃcient when the loading then occurs from a diﬀerent direction. Hence the most severe loading from
each direction has to be considered in the optimization of asymmetrical mooring systems.
Site data indicates that environmental loads are biased from certain directions and are unlikely to come
from other directions. Fig. 3 visualizes the distribution of environmental loads relative to north compass
direction. For simplicity, all loads are assumed to come from the same compass direction - if their distribu-
tion allows for this; otherwise they come from the closest direction that they can occur from. For example
for the environmental loading from 30◦ in the Ekosﬁsk site (Fig. 3(a)) wind and current come from 30◦,
while wind sea propagates from 90◦ and swell from 120◦. To limit the number of directions even further,
increments of 30◦ are used, leading to a total of 12 directions (load cases) considered.
4. Optimization results
Table 3 shows the mechanical properties of the mooring lines at both sites. In the shallower location
a heavier chain is used. Figure 1 visualizes the initial symmetrical line conﬁguration. The mooring line
angles are 10, 130 and 250 degrees with respect to the global coordinate system. For the Troll site an initial
line length of 1400 m and for the shallow water location 1000 m were chosen. These initial conﬁgura-
tions amount to a sensible conﬁguration that a designer would typically suggest for these sites, based on
experience with similar conﬁgurations for semi-submersibles from the oil and gas industry.
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Table 4 summarizes the line conﬁgurations determined by the optimization tool. The total line length
for the Troll ﬁeld is 84% of the initial symmetrical design and 85% for the Ekoﬁsk site, respectively. Fig. 4
illustrates the line conﬁguration determined by the optimization tool for both sites.
Table 3. Mooring chain properties
Great Ekoﬁsk area Troll ﬁeld
Mooring line weigth in water [kg/m] 291.35 186.44
Chain diameter [m] 0.127 0.1016
Line breaking strength [N] 1.50 · 107 1.02 · 107
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Fig. 4. Line conﬁguration and equilibrium positions for Ekoﬁsk and Troll site. The ﬂoating wind turbine is displaced due to spectral
loads from the mooring mean coordinate system. The ﬂoater is not drawn to scale.
Table 4. Mooring conﬁguration at Ekoﬁsk and Troll site. Angles and horizontal scope in global coordinates.
Mooring line A Mooring line B Mooring line C
Ekoﬁsk site
Line length [m] 906.5 874.5 768.6
Horizontal distance anchor-fairlead [m] 873.3 852.4 752.6
Angle mooring lines [deg] 113.0 15.2 219.6
Troll site
Line length [m] 1099.5 1201.5 1226.5
Horizontal distance anchor-fairlead [m] 1019.4 1105.1 1111.9
Angle mooring lines [deg] 132.8 18.2 275.3
The zero-environmental-load static position of the ﬂoater (XMooring, YMooring) relativ to the global coor-
dinate system is due to diﬀerences in mooring forces on the fairleads of the ﬂoater, when no environmental
loads are present. Thus the displacements result from an asymmetrical line conﬁguration. Table 5 summa-
rizes the maximum static and dynamic displacements of the ﬂoater relative to the static mooring coordinate
system of the ﬂoater.
In addition the natural periods of the ﬂoater are illustrated. The mooring stiﬀness has little eﬀect on
pitch, roll, and heave natural periods because those DOFs are dominated by hydrostatic stiﬀness, which is
independent of heading direction. The natural periods of the horizontal DOFs surge, sway and yaw change
with directionality of environmental loading due to a strong dependence of the linearized mooring stiﬀness
matrix to environmental loading direction.
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Table 5. Floater Displacements and natural periods
Surge Sway Heave Roll Pitch Yaw
Ekoﬁsk site
Static position of the ﬂoater [m], [deg] 0.29 −5.61 −0.04 0.46 0.25 −3.63
Maximum static displacement [m], [deg] 6.37 17.73 −0.13 −2.01 −2.23 −4.96
Maximum dynamic displacement [m], [deg] 18.48 32.01 −5.57 −8.34 −8.47 −10.08
Natural period [s] 30 − 54 55 − 79 23.7 32.1 31.7 36 − 70
Troll site
Static position of the ﬂoater [m], [deg] 7.57 21.03 0.04 −0.11 −0.52 22.23
Maximum static displacement [m], [deg] 32.67 18.31 −0.10 1.99 0.95 2.21
Maximum dynamic displacement [m], [deg] 49.21 30.77 −5.91 8.35 7.28 5.02
Natural period [s] 95 − 146 72 − 101 23.7 32.4 32.4 56 − 59
Table 6 represents the contribution to line tension from spectral wind loads in comparison to the total
dynamic loads due to wind, wind sea and swell loading at the Ekoﬁsk site. The most tensioned line for each
direction is considered. In extreme environmental conditions the ratio of spectral wind in comparison to the
total spectral loads can be up to 37.7% (direction of 60◦), whereas the contribution in operational conditions
can be up to 83.9% for a heading direction of 30◦.
Table 6. Ratio of standard deviations in mooring line tension from spectral wind loads in relation to combined spectral loads from
wind, wind sea and swell at the Ekoﬁsk site.
Direction 0◦ 30◦ 60◦ 90◦ 120◦ 150◦ 180◦ 210◦ 240◦ 270◦ 300◦ 330◦
Extreme [%] 21.6 36.1 37.7 30.0 29.7 37.5 18.1 13.4 8.3 15.8 19.3 8.5
Operational [%] 68.8 83.9 80.0 62.5 52.6 62.1 40.5 37.9 32.8 37.9 42.6 50.3
However, it has to be mentioned that the blades represent a stall-regulated turbine or a pitch mechanism
fault: they were not pitched out of the wind in the extreme load case. Hence the results represent an upper
bound on the severity of wind loading for a pitch regulated wind turbine. Such high spectral wind loads can
occur for stall regulated wind turbines, but will be lower for a pitch-regulated wind turbine.
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Fig. 5. Mooring line tension spectra of Ekoﬁsk site for diﬀerent heading directions and load conditions.
Fig. 5 visualizes the mooring line tension spectra at the Ekoﬁsk site. In Fig. 5(a) a heading direction
of 120◦ is chosen. Here the least portion of mooring line is resting on the seaﬂoor under extreme loading
conditions, with a contribution of 29.7% due to spectral wind loading. Fig. 5(b) illustrates the line tension
spectra under operational conditions, for a direction of 30◦ with the highest contribution of spectral wind
loading (83.9%).
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5. Discussion
The presented tool is able to minimize the line length of a ﬂoating wind turbine mooring system un-
der site speciﬁc environmental loading, resulting in the optimal angle, line length and horizontal distance
between anchor, and fairlead. The line conﬁgurations for both sites keep platform displacements in an ade-
quate range, while not exceeding line tension criteria. The results show clearly that the calculated mooring
line conﬁguration takes the directionality of diﬀerent kinds of loading into account. It is crucial for the
design of asymmetrical mooring systems to deﬁne load cases and directional spreading properly to cover
the most severe loading. Since this leads to a huge set of load cases, frequency domain analysis is preferred
over computationally expensive time domain simulations for preliminary design and optimization.
The wind spectrum contains a lot of energy at low frequencies, which can contribute to low-frequency
resonant oscillations of moored ﬂoating structures [6]; this is especially the case for ﬂoating wind turbines.
The results demonstrate that spectral wind loads should be considered in the mooring system design. The
low-frequency contributions from wind lead to excitations in platform pitch and hence in higher mooring
line peak tensions. It can be expected that second-order low frequency motions, as described in Faltinsen
[16], can lead to higher mooring line stresses. In subsequent work the inﬂuence of such second-order wave
forces will be investigated.
The displacement of the ﬂoater is fairly large, which is due to the linearization of the mooring stiﬀ-
ness matrix at the equilibrium position — the eﬀective nonlinear stiﬀness is higher, and displacements are
therefore overestimated by linearization. The constraint that the drag embedded anchor should under no
circumstances be vertically loaded is violated more easily, leading to a more conservative design (longer
mooring lines) than actually needed. It can be expected that the actual peak platform displacement is less
than indicated in Table 5. Time domain simulations are needed to verify and further optimize the obtained
mooring design. The critical damping used to model viscous damping represents a rough approximation.
Simulation using a more accurate description of viscous damping will give more accurate results. The con-
sideration of wave-drift, aerodynamic and mooring line damping as well as line friction on the sea ﬂoor can
further decrease ﬂoater displacements and maximum line tensions.
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